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. 20.7 PERCENT OF THE FLAP CHORD
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SUMMARY

An investigation was conducted to determine the effsects of
campresslbility upon the aerodynamic characteristics of a 5-inch-chord
NACA 16-009 airfoil section having a 32.9-percent-chord flap with
a 20.T-percent flap-chord nose overhang end a 1.8-percent-chord
unsealed gap. Alrfoil 1ift and pitching moment and flap hinge
moments were obtained gver am 8° angle-of-attack renge and a
flap engle range of 14° from & Mach nmumber of 0.4 up to the meximum
(choking) Mach nwibers that could be attained for each model
configuratlion.

The results showed thet the elevator effectiveness decreased
with increasing Mach number and that flap balance incressed rapidly
with Increesing Mach mumber. Additionsl daba obbained with the
airfoll leading edge roughensd indicated a serious loss in the
rate of change of elrfoll 1ift with flap engle for smell flep
deflections at all subcriticel speeds and a large lncrease in
the flap overbalance. Beyond the critical Mach numwber abrupt -

" changes occurred in the a.erodmlamic effects produced by d.eflection
of the flap.

INTRODUCTION

Reparts on the performance of high-speed fighter alrplanes
and recent wind-tumnel investigations at high Mach numbérs have
indicated large adverse chamges in control characteristics due
to the effects of compressibility. The tests on a S~inch-chord ’
two-dimensional flapped NACA 16-009 alrfoil reported herein are . . -~
the first of a geries of tests belng conducted in the La.ngley Ell--inch
high-speed tunnel to investigate these effects.. - B
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SYMBCLS
M stream Mach mmber
¢y eirfoil section 1ift cosfficlent
o, fy alrfoll sectlon pitching-moment coefficlent about the
guarter-chord point -
cy flap section hinge-moment c_oeff_icient; baged on Cr
Bp fiap deflection; negetive deflection is upward
o angle of. attack
Cp flap chord behind the hinge line

chord of airfoil; zero flap deflection -

(¢}

flap trailing-edge angle -

VI = 8

radiue

When @, 5y, and cy eare used as subscripts outside the
perentheses, they signify that the gquantity 1s held oonstant.

(3
|

AYPARATUS AND TESTS

The tests were conducted in the Langley 2ik-inch high-apeed
tunnel, a closed-throast tunnel described in reference l., Recent
modification to this tunnel which reduced the model gpan exposed
to the air stream from 2k to 1€ inches is described in reference 2.

The model, which was made of steel, was & symuetrical eirfoil
with en NACA 16-009 profile modified to have & 32.9-parcent-chord
flap with an overhang of 20.7 percent of the flap chord. The
1.8-percent~chord g8p was unsealed. A crosg section ¢f the model
1s shown ag figure 1. The alrfoil ordinetes, except for the part
affected by the flap nose shape, may be found in rerference 3, The
alrfoil completely spanned the tesgt section, pessing through holes
in the end plates in the tumnel walls. (See fig. 2.) These holes
hed the same shape as the airfoil profile, but were slightly larger
than the model in order to provide clearance: -
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Airfoil 1ift end pitching moment were obtained by means of
e spring-type balence similar to that described in reference k.
Flap hinge moments were measured by meens of an electrical
strain-gage system mounted on the balance.

The forces and moments were messured over an angle-of-attack
renge extending from -29 to 6° end a flap deflection range from

"9070 JC'O I“n30-

At en angle of attack of 0° and et flap deflections fram ,
-l.7° to -9.7° additional tests were mede with cerborundum perticles
(0.003 to 0.005 inch meximum dimension) embedded In a coat of :
ghellac which had been applied to the upper and lower surfaces over
a width extending from the leading edge to approximately the 8-percent -
chord station. These tests were mede to simulete an operating
condition in which boundery-layer transition occurs near the
leading edgo. In full-scale ingtallations this condition frequently
exists either as & result of eir-stream turbulence or surface o
irregularities or both. _ -

The Mach number range for which the tests were ma_;ie extended
approximately from 0.40 o 0.85 c¢orresponding to Reyiiolds numbers
from approximetely 1,100,000 to 1,900,000, . :

FACTORS AFFECTING TEST RESULTS

Tunnel -Well Effects

Since tumnel-wall corrections are known from both theory and
experinent to be small in the subcritical speed renge for the small
ratio of model to tunnel size of this investigetlon and since no
rigorous correction has as yet been determined for the supercritical
speed range, the force test date are presenced uncorrected for the
effects of the tunnel walls. As ghown in reference 2, an important
congtriction effect in the supercritical speed rangs 1s an increaseo
in the effective Mach number to a value groater then that used
hereoin, which is the Mach number of the tunnol alr stream Just
ghead of the model. Near the limiting, or choking, Mach number,
however, even more serlous constriction offocts occur, as discussed
in reforence £. In tho present tests surveys (similar to those of
reforence 2) of the static pressure along the tummol well indicated
the onset of these effccts abt Mach numbers approximétely 0.02 to
0.03 below the choking Mach number. The data prescnted horein )
are, therefore, questionable within this spoed range. In gonoral,
the highest Mach number for cach model configuration shown in the
Tigures corresponds to the choking condition. T
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Effect of End-Plabe Gap

During the present tests leskage occurred between the test
section and the surrounding test chembéer through the end-plate geps
at the Juncture between the model and the tunnel wall. The effect
of this leskage upon 1ift end pltching-moment coefficlent is shown
in reference 1 by & comperison of .force test data with end-plate gaps
and essentially two-dimensionel pressure-distribution-data obtained
in the Langley 2W-inch high-sgpeed tunnel. BAlthough the sbsolute
values obtained by the two methods differ to some extent, the results
are in agreement as regards the effects of compressibility and
therefore no correction for end leekage has beepn applidd to the
date presented herein. S B e

Bumidity Effects -

At the higher tunnel speeds the relative humidity of the
atmogphere, from which the air in the tumnel is drawn (reference 1),
was found to affect the 1ift and moments under certain conditions.
However, a value of relative humidity has been determined below
which no measurable effects exist. The high-speed data contained
herein were obtalned with relative humidities less then this value.

RESULTS AND DISCUSSION
Lift

The effect of compressibility on the 1lift characteristics for
constant angle of attack and flap angle is presented in figure 3.
The radicel changes in 1ift characteristics shown et sgupercritical
Mach numbers wndoubtedly include tumnsl-wall effects, since the
Mach numbers involved are near the choking condition. These effects,
however, ere believed Lo be illustrative of the type of phenomenon-
likely to occur at high superoritical speeda. Effects of this
nabure are cauged by rapid pressure changes accompenying the
rearverd movement of the shock over the airfoil.

The mection 1ift coefficient.ls shown as a function of angle
of attack for various Mach numbers in figure 4. The variations
with Mach number in these 1ift curves are consldered normal for
this airfoil section. i

For smell flap deflections (%2%) normal decrease in (acb/ésf)m

occurred at very high speed. (See Tig, 5(&).) An increasing loss
in slope &g the flan is defleote¢ further at these speeds is evident.



NACA TN No. 1406 ' 5

With st1ill greater deflection of the flap, however, the slopes become
even greater than the low—speed values. These effects might De
partly attributable to the peculiarities of the sectlon at the low
Reynolds numbers of these tests, but a desrease in slops for small
flap engles followed by an inoreese in slops at higher flap angles
hes been found in other instances at supercritical Mach numbers.

The data of figure 5(b) show that the lesding-edge roughness
resulted in marked reduotion in the (Bcz/asf) for small flap

deflections in the suboritiocal speed range. The rspid drop in
(aoz/asf) thet occurred for the smooth model above & Mach number

of 0.7 near Bf = ~5° (fig. 5(a)) did not ocour for the roughened
model in the same flap-angle range. Also, the force changes at high
Mach number were less severs for the rough model than for the smooth
model as a result of the thicker boundary layer., Howsver, due to

the difference ln the values of the local 8lin friction coefficlents
in turbulent flow at high and low Reynolds numbers, the flap boundary-
layer conditlons were posslbly worse than those whioh exist at flight
Reynolds number.

The lift-curve slopes of figuré 6, which are for small
angle~of-attack and flap-engle ranges, resulted in a flap effec-
tiveness (aa/BSf)c .o ©Ff only O, L6 at e Mach number of 0.L40

(fig. 7). The data of reference 5 indicate that this low value is
the result of the combination of a large tralling-edge engle and an
unsealed flap nose gap. With increaping speed serious loss of flap
effectiveness occurred (fig. T); (ad/BSf)cZ_o falls to 0,22 at.a

Mach number of 0.80, about one-half of its low-speed values,

IncInded in Figure 7 for comparison with the vesults of the
subJect tests is the value of (Ba/aaf)czzo obtained by en empirical

method based on data fwom tests at Mach rwmbers near O.1 and at
Reynolds rumbers which were higher than those obtained in ‘the present
investigation. (See reference 6.)

Pitching Moment

Variations in the quarter—chord mcment coefficlent with Mach
number for constant engular conditions are shown in figure 8. The
curves of moment coefficient againet 1lift coefficient at constant
flap deflection (fig. 9) indicate large center—of-pressure shifts
for small lift inorements near ¢, = 0.3 even at low speed. In

order to show the. oenter—of—pressure shifts, at least gqualitatively,



6 U UNACA TN Not 1506

Bomo /1)
the values of ——e were plotted for three 1ift coefficienbs

dcy Jop
in figure 10

The quarter-chord moment coefficient is shown as a function.
of flap deflection in Ffigure 11(=a). There'i% & largg difference
between the moment coefficients for dp = -6 and -8 at a Mach
number of 0.8. The difference is produced both by a change in .
1ift coefficient (fig. 3(b)) end by a resrward shift in ‘the .
center of presswre for this 20 flep-angle increment, = This. trend,
together with the fact thet relatively high values of (acz/aaf)
were attained at flap deflections beoyond -6 (fig. 5(a)), indicates
that marked improvement in the flow oOver tho flap oceurred as it
wasg deflected to the higher angles.

A comparigon of parts {a) apd (b) of figuro 11 shows that the
effect ‘of the roughenecd leading edge wag to docrease the momont |
coefficients and to reduce the severity of the changes in cp /4

which occurred at very high speeds for modium flap deflection.

Hinge Monment

Tho effects of compressibility on the flan pection hinge-~-moment
coefficient for constent anguler conditions are presonted in '
figuro 12. Pressure-distribution date and schlicren flow
photographs obtained in the Langley rectangular high-speed tunnsl
in investigations of other flepped airfoils heve’ shcwn that abrupt
changes in hinge-moment coefficient occurro¢ when tha;critical speod
was oxceceded. These offects were found to prise fram the passage
of shock weves across tho flap., Tho veriations of hinge-mcomont
coofficient with angle of attack for a flap engle of 0.2° and with
flap doflection for an anglec of attack of 0° avre shown in figures 13
&nd 1%, respectively. Comparison of figures 1k(a) and 14(b) shows
that the eldition of roughness to the airfoil leading- odge resulted.
in a large increasc Iin the balance for all-: ‘gpeeds. In this caso, as
was true for the 1ift and pitching moment, & less ebrupt change
in slope in passing from the low to hibh flap doflections (-4 9 to 80)
was obtained. .

The verlations with Mach mpuber of (dch/Ba)Bf and (ach/aﬁf)

are given in figure 15. These slopes, each of which is the value
for o =0° and 8 = 0.3° apply over a very limited range of angle
of attack and flap deflection as is evident from figures 13 and 1k.-
Betimated velucs of (dep[3d)s, and (dop/80r),, obtaincd fram

supirical methods prosented in reforence & are included in figure 15.
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Reference 6 shows that a smell part of the total asrodynamic balance
was due to the smell nose overhang; the greater pert was dus to the
high trailing-edge angle in the presence of an unsesled gsp. The
tendency for the flap balance to increase with increasing Mach number
at subcritical ‘gapeeds is believed to be a charecteristic of flaps
with relatively lerge tralling-edge emngles, althnough a large flap
nose gap probably augments this tendency. Much less increase and
even a decrease in balance with Mach number has been found for .
models having various smounts of nose overheang with smaller trailing-
edge angles. References 7 and 8, which present results of tests of
three-dimensional models, show that for elevators heving overhengs
of 30 and 48 percent of the chord behind the hinge center line and

railing-edge angles of 12° and 13°, respectively, 8 decreese in
balance with Mach number was found.

- CONCLUSIONS

The results of the present high-speed Wind—tunnel investigation
of a 5-inch-chord NACA 16-009 airfoil ha,ving & 32.9-percent-chord
flep with & 20.T-percent flap-chord nose overheng, and a 1.8-percent-
chord unsealed gap can be summerized as follows:

1. The elavator -effectiveness factor (Bm/aaf)cz____o' for emall

engle-of-ettack and flap-angle increments for the smooth model
was 0.46 at a Mach number of 0.4 but had decreased to a velue
of 0.22 at & Mach number of O. 8 '

2. The aerodynamic ba.la.nce for the flap tested increased with
increasing Mach numbers in the subcritical speed range. Beyond the

criticel Mach number abrupt changes in the hinge-—moment characteristncs
occurred..

3. The presence of roughness on the leading esdge ')rod.uced. (a)
merked decrease in the rate of change of 1lift and guarter-chord
moment coefficient with flep angle for small flap deflections, and
(b) a large increase in the aerodynemic balance of the flap.

Langley Memoriel Aeronautical Leboratory
Netional Advisory Cammittee for Aeronamtics : :
Langley Field, Va., Juns 9, 1947 - B -
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coefficient with flap deflection.
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Fig. 12a NACA TN No. 14086
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Figure 12.- Variation of flap section hinge-moment
coefficient with Mach number.



NACA TN No. 14086 Fig. 12b
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Figure 1l2.- Continued.



Fig. 12¢ NACA TN No. 1408
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{c) a = 09, Leading edge roughened.

Figure 12.- Continued.



NACA TN No. 1406 Fig. 12d
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Figure 12.- Continued.



Fig. 12e . NACA TN No, 1406
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Figure 12.- Continued.



NACA TN No. 1406 Fig, 12f
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Figure 12.- Concluded.



Fig. 13 NACA TN No. 1408
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Figure 13.- Variation of flap section hinge-moment coefficient
with engle of attack. 8y = 0.39,
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Figure l4.- Variation of flap gection hinge-moment coefflcient
with flap deflection.
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Figure 15.- Varlation of hinge-moment slopes with Mach
. number.
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